Anti-corrosion protective coatings have been widely applied as a surface treatment to prevent corrosion of various metallic materials, such as aluminum alloys, magnesium alloys, steel and zinc-coated steel, which are used in automobile parts, building structures, home appliances, etc. One of the most important characteristics of these coatings is the ability to self-heal. If a self-healing coating suffers mechanical damage and corrosive species in the environment begin to degrade the bare metal surface, the damaged surface is automatically repaired by a chemical component of the coating. Chromate conversion coatings have self-healing properties. However, environmental concerns have necessitated the reduction and discontinuation of chromate-based protective coatings in recent years. This paper describes two recently developed self-healing coatings -a fluorine polymer coating with metal particles and a coating comprised of particles and an organic healing agent. A fluorine polymer coating has self-healing properties, which are improved by the addition of metal particles. A self-healing coating that uses particles and an organic healing agent has also been developed.
Introduction
Metallic materials have been widely used in many engineering fields. However, the long-term durability and reliability of metallic materials are still problematic when they are used in structural applications. Exposure to a harsh environment easily leads to the dissolution of metallic ions. Microcracking is one type of fatal damage that occurs during manufacturing or use. It can cause catastrophic material failure and, hence, significantly shorten the lifetime of a structure. Because damage deep within a material is particularly difficult to identify and repair, materials that have self-healing properties are desirable. In fact, there are many examples of self-healing materials in biology (Trask, 2007; Hastings & Mahmud, 1993; Martin, 1997; Albert & Wong, 1991) . For example, in the case of a skin wound, the defect is temporarily plugged with a fibrin clot, which is infiltrated by inflammatory cells, fibroblasts, and a dense capillary plexus of new granular tissue. Inspired by these naturally occurring prototypes, considerable effort is being devoted to the development of materials that mimic those found in nature. In particular, integration of self-healing properties into anti-corrosion protective coatings for metallic materials is a focus of ongoing research (Figure 1 ). Vol. 9, No. 7; 2015 Chromate conversion coatings have been widely applied as a surface treatment to prevent corrosion of various metallic materials. Chromate conversion coatings have excellent anti-corrosion properties. Moreover, they are cheap and the solutions used for coating are easy to prepare. An important characteristic required for these types of coatings is the ability to self-heal, so that a film on the surface of a material is automatically repaired if damaged. Environmental concerns, however, have necessitated the reduction and discontinuation of chromate-based coatings in recent years. A trivalent chromate conversion coating has been applied as an alternative to hexavalent chromate conversion coatings (Sandrine et al., 2005; Magalhaes et al., 2004; Buchheit et al., 2003; Song & Mansfeld, 2006; Palanivel et al., 2005; Trabelsi et al., 2005) .
Based on previously published studies of self-healing materials, self-healing, anti-corrosion protective coatings for metallic materials were developed. Aluminum alloys and magnesium alloys were used as the substrates for coating, since these light, ecologically appropriate materials are used in automobile and aircraft manufacturing. Two types of self-healing coatings will be described: self-healing polymer coatings and the effects of metal particles on these coatings; and particle-based coatings, which are environmentally friendly self-healing materials. (Yabuki et al., 2007) Aluminum alloys are used in compact heat exchangers because of their high thermal conductivity, high specific strength to weight ratio and good corrosion resistance (Lin et al., 1992; Beck & Kruger, 1996; Poulain et al., 1996; Fedrizzi et al., 1997) . Heat exchangers are used in air separation plants, ethylene plants and LNG plants that are operated at very low temperature and in a clean environment. If the unit is used in a seawater environment, corrosion of the aluminum alloy in the unit must be prevented, since the material is susceptible to corrosion by chloride ions. Several methods are currently available for preventing the corrosion of aluminum alloys, such as anodic oxidation, cathodic protection, and the use of inhibitors and protective coatings, etc.
Self-Healing Polymer Coatings and the Effects of Metal Particles
Protective coatings are suitable for use in a heat exchanger, since the seawater passes through the unit only once. Several reports have described the use of polymer coatings to protect aluminum and aluminum alloys against corrosion (Uehara et al., 1998; Tallman et al., 2000; Tallman et al., 2002) . The desirable properties of such coatings include barrier and self-healing properties.
Several types of coatings that were designed to improve the resistance of aluminum alloys to corrosion in seawater were examined. A 30-µm-thick coating was applied to the surface of the aluminum alloy 3003. After creating an artificial defect in the alloy using a knife-edge, a corrosion test was carried out in 3% NaCl at 70 °C and at a pH of 1.5. The polarization resistance of the specimen was determined using an electrochemical impedance method.
The surfaces of the coatings after a 120-h immersion test are shown in Figure 2 . Pitting occurred on the portions coated with either a hybrid sol-gel and ceramic coating or a silicon resin coating (right panel of Figure 2 ). A sol-gel ceramic coating-hybrid type with a curing agent (SGC-HY-C) and a fluorine resin coating (FLR) were damaged in the region with no defect, and were slightly damaged at the defect (left panel of Figure 2 ). The self-healing performance of the coatings was evaluated based on the corrosion behavior of the defect. The maximal depth of the deep ditch on a coating was measured both before and during the test using an optical micrograph, and the change in depth was calculated from these data. A specimen with only a deep ditch was prepared for the electrochemical measurements. The polarization resistance of the specimen was determined using an electrochemical impedance method, as shown in Figure 3 . The impedances of the coatings were measured in a corrosion test solution using a platinum counter electrode and an SCE reference electrode Vol. 9, No. 7; 2015 connected to a potensiostat, a frequency response analyzer, and a personal computer. Sine wave voltages (10 mV rms) at frequencies ranging from 20 kHz to 10 mHz were superimposed on a given electrode potential. A computer software program was used to control the measurements. The impedance measured at low frequencies was determined as the polarization resistance to monitor the defect in the specimen. The polarization resistance ratio, which was normalized to the polarization resistance at 1 h, was used for comparison, because the polarization resistance of each coating was different due to differences in the shape and the size of the defect created in the coating before the start of the corrosion test.
Figure 3. Schematic diagram of the electrochemical impedance measurement system
To examine the surface condition of the defect for SGC-HY-C and FLR, the polarization resistance was measured using an electrochemical impedance method. The ratios for SGC-HY-C and FLR are shown in Figure  4 . The polarization resistance ratio of SGC-HY-C decreased approximately linearly with testing time. The ratio of FLR decreased to the same extent as SGC-HY-C up to 80 h, and it increased after 100 h. This difference between the coatings might have been due to the formation of an anti-corrosion protective film consisting of aluminum and fluorine components on the defect. To evaluate the dissolution of the components of FLR, the mass loss of an FLR chip (surface area of 20 cm 2 ) was measured in the corrosion test solution. The rate of loss of mass was greatest during the early phase of the immersion test, but it declined after 50 h. This result suggests that a coating ingredient dissolved from the surface of the coating early in the process. A bare aluminum alloy was placed in a solution of the FLR components to examine the anti-corrosion effects of FLR. The loss of mass was less than that of only the test solution. This result indicates that a component of the FLR inhibits corrosion. In other words, FLR has self-healing properties. Vol. 9, No. 7; 2015 To improve the protective film that formed on the defect, metal powders were added to the FLR. The polarization resistance ratios of these specimens are shown in Figure 5 . The depth of the defect in the FLR with a metal powder was less than that with no additive. The polarization resistance ratio decreased, similar to FLR with no additive early in the process, but then increased rapidly after 20 h. The addition of Ti powder to FLR resulted in an excellent anti-corrosion performance. Thus, the self-healing performance of FLR was improved by the addition of metal powders. Figure 5 . Polarization resistance ratio for the fluorine resin coating (FLR) with added metal particles (Yabuki & Sakai, 2011) Magnesium and its alloys have many excellent properties, such as the lowest densities among industrial metals. Poor resistance to corrosion, however, limits the application of these materials in corrosive environments (Makar & Kruger, 1990; Song et al., 1997; Ambat et al., 2000; Song et al., 1999) . Thus, protective coatings with improved resistance are needed. A self-healing anti-corrosion protective coating was developed for the environmentally friendly magnesium alloy AZ31 (Mg 96.3%，Al 2.8%，Zn 0.81%). The coating included TiO 2 particles and casein as a pH-sensitive organic agent ( Figure 6 ). After using a knife-edge to create an artificial defect in the coating, a corrosion test was carried out in a NaCl solution at 35 ˚C. The self-healing properties of the film were evaluated by monitoring the polarization resistance of the scratched specimen in the corrosive solution and observing the surface appearance of the specimen after the corrosion test. After changing the pH of the solution from 12 to 5, casein micelles with a mean diameter of 3-4 μm were observed on the surface of the TiO 2 film. The polarization resistance of the scratched specimen in the corrosive solution increased with testing time, and a film consisting of TiO 2 particles and casein was observed after the test. Thus, the self-healing properties of the coating were confirmed. The self-healing capacity of the coating appeared to be due to the release of casein micelles and TiO 2 particles as a result of the increase in pH that resulted from both the cathodic reaction during corrosion and the formation of a film on the defect (Figure 8 ). 
Self-Healing Coatings That Use Particles and Organic Healing Agents

Summary
Environmentally friendly self-healing coatings are desirable alternatives to chromate conversion coatings. Additional development of materials with self-healing properties will reduce the loss that results from corrosion of the metallic materials that are used in chemical plants, automobile parts, building structures, and home appliances. Nanoparticles are effective as a self-healing material, and it is expected that nanoparticles will be successfully applied to anti-corrosion protective coatings.
